Real-time neutron powder diffraction and smallangle scattering techniques have been developed on the TOF diffractometer DN-2 at the IBR-2 pulsed reactor at JINR (Dubna) with a total flux on the sample of 10 7 neutrons cm 2 s i and a resolution of about 1%. A special arrangement of the detector system ensures a high counting rate of diffracted neutrons. Depending upon sample type and experimental conditions, the measuring time t~ of one neutron pattern varies from a few minutes to several seconds. The performance of the diffractometer is discussed and typical data are shown to demonstrate current achievements using real-time techniques at a pulsed reactor.
Introduction
Real-time neutron diffraction (RTND) is a very powerful technique for the study of non-equilibrium systems undergoing changes during the time of an experiment. The pioneering RTND experiments have been performed during the last ten years almost exclusively at high-flux neutron sources such as the HFR reactor at the Institut Laue-Langevin (ILL), Grenoble. Details can be found in several review articles (Riekel, 1980; Pannetier, 1988) and references therein. In 1985, the first investigations by RTND were carried out using the time-of-flight method at the IBR-2 pulsed neutron reactor at JINR, Dubna (Balagurov, Gordelij & Yaguzinskij, 1986) . It was shown by Balagurov & Mironova (1986) that the DN-2 time-of-flight diffractometer at the IBR-2 has some advantages with respect to constantwavelength instruments. For example, the reaction between D20 and Ca3AI206 was investigated with temporal resolution of better than 1 min on DN-2 as compared with 6 min on D1B at ILL (Christensen & Lehmann, 1984) .
Moreover, as was pointed out later (Mironova, 1988) , DN-2 affords the real possibility of measuring the whole diffraction pattern using only one pulse of the reactor. In this case, a special set-up of the detector assembly would allow one to study irreversible processes in solids with time resolution of about 0021-8898/91/061009-06503.00 the width of the reactor pulse, i.e. 300 Ix s. Such high time resolution in diffraction experiments up to now was only achieved on synchrotron sources. Additionally, neutrons have the natural advantages of penetrating power and sensitivity to hydrogen or isotopes of elements. Thus, real-time neutron powder diffraction on pulsed sources could be the preferred method for many kinds of transition phenomena.
The name 'real-time neutron diffraction' is used if the measuring time t, for a whole diffraction pattern is much smaller than the characteristic time z of the process to be investigated. Of course, the real-time technique can be treated as a special method if z is not too large. For neutron diffraction studies of irreversible processes one can guess, nowadays, that z should be less than 1 h and therefore t, should be 5-10 min or less. This technique is used extensively already for studies of chemical reactions in the solid state, processes of isotope exchange, structural phase transitions etc. Almost all RTND investigations have dealt with the measurement of diffraction patterns as the most intensive and informative part of a neutron scattering process. Despite the well known fact that the time-averaged neutron flux from existing pulsed sources is essentially less than that from stationary reactors -~Oo = 8 x 1012 for IBR-2 and ~Oo = 1.5 x 10 ~5 neutrons cm-2 s--J for HFR -some specific features of the TOF diffractometer allow us to overcome this deficiency.
Three factors are essential: no beam monochromatization; large cross section of the beam and sample; detector with a large solid angle. It is important that the sample cross section and the solid angle of the detector can be increased without a marked degrading of the resolution. The comparison of the diffractometer's 'figure of merit' (Jorgensen, Cox, Hewat & Yelon, 1984) defined as a product of the total neutron flux at the sample position, ~Oo, by the useful volume of a sample, V,., and the solid angle of the detector assembly, ~a, shows that this value for the time-of-flight diffractometer may be superior to .qo VJ2d of an ordinary diffractometer on a stationary reactor by a factor of ten or greater.
One more important property of the TOF diffractometer which is particularly useful for RTND experiments is the ability to collect data over a large interval of d spacings with only a few detectors. Thus, the wavelength range from 1.5 to 8 A with only two detectors at scattering angles of 20 = 160 and 20 ° allow one to measure the diffraction pattern over the interval of d~k~ from 0-8 to 23 A.
As a matter of fact, the diffractometer for timeresolved studies must be optimized for high intensity and can have only moderate resolution. Of the present-day high-flux pulsed neutron sources the IBR-2 reactor currently has the most suitable characteristics, namely it has the world's highest peak thermal neutron flux of 8 x l015 neutrons cm -2 s-1 and low frequency of neutron pulse, 5 s-1. In principle, it is possible to have at IBR-2 a diffractometer with q~o Vsg2d --2 x 10 7 neutrons cm sr s-~ (Balagurov, 1991) . This is a much larger value than that of most existing machines (see Tables 2 and 3 in Jorgensen et al., 1984) . Owing to the comparatively large width of the reactor pulse, the resolution of a TOF diffractometer at IBR-2 is not very high (Ad/d --0.01 if d = 2 A), but it is quite enough most of the time, e.g. for identification of new phases if a chemical reaction is studied.
This paper describes the present-day possibilities of real-time neutron diffraction studies on the IBR-2 reactor using the diffractometer DN-2 and reports some of the experiments performed.
Experimental
The diffractometer DN-2 (Ananiev, Kozlov, Luschikov, Ostanevich, Shabalin & Frank, 1985) is placed on the horizontal beam of the IBR-2 reactor at the Laboratory of Neutron Physics of JINR. The incident flight path (with total length 24 m) is an Ar-filled neutron guide tube with radius of curvature of about 1200 m. The final collimator forms a beam with maximum size 15 mm wide and 180 mm high. The present-day parameters of the IBR-2 reactor are as follows (Ananiev et al., 1985) : average thermal power 2 MW; pulse repetition rate 5 s-l; width of a fast neutron pulse (FWHM) 230 ~ s. The value of the time-averaged thermal neutron flux on the sample position of DN-2 is -107 neutrons cm -2 s-1. The thermal neutron pulse shape is a slightly asymmetrical distribution very close to the Gaussian with a FWHM of about 320 tx s for a _ 2 A. The resolution of the diffractometer is (to a first approximation)
where Ad, At and AO are respectively the uncertainties in the lattice spacing, d, the flight path time, t, and the Bragg angle, 0. For back scattering the resolution equals the first term in (1) and is Ad/d= 0.025/d, where d is in A.
A possible arrangement of detectors in the experiment with a furnace is shown in Fig. 1 . This geometry was used for the study of the synthesis of YBa2Cu306+a ceramics (see below). In this experiment a sample was heated in the furnace with a large internal volume and wide incoming and outgoing windows. Simultaneously four detectors were used: D1 and D2 at high scattering angles (20---160 °, 1 _< d _< 4 A), D3 at low angles (20=20 ° , 3___ d_< 30 A) and D4 for the intensity of small-angle scattering. If S is the cross section of a sample and 6 is the probability of scattering, then the value J0 = ~o0S(S2d/4~')8 is roughly equal to the total number of neutrons detected for a complete pattern by one detector. For backscattering, it is possible to use detectors without strong collimation. The solid angle of D1 (and D2), for example, was about 0.015 sr and for a sample with 6 = 0.2 and S = 10 cm 2 the count rate was -3x 104 neutronss -l. This value determines the measuring time per spectrum. The detector D3 was used with an optional collimator to keep the resolution at a reasonable level and its solid angle was substantially smaller than that of D1. However, because the structure factors for small Miller indices are relatively large, the observed intensity is sufficient to perform the phase identification.
Large amounts of data are recorded in real-time experiments at a TOF diffractometer. A typical experiment lasting for several hours with ts = 1 min and using four to eight detectors produces about 1 Mbyte of data every hour. Specialized hardware and software were needed for data acquisition and processing. The key components of the hardware are: time-of-flight digitizer, detector-number coder and two memory units with a special controller, which enables the data acquisition as sequentially ordered snapshots. The data are accumulated either in one or, alternatively, two memory units with a large capacity (up to 256 K words). In the second case, information is transmitted to both memories and a control program switches the data flow to one or other unit. Up to 32 detectors can be used in one experiment simultaneously. One or two position- sensitive detectors with up to 64 positions may also be used if precise angle scanning is needed. The software for real-time experiments includes a set of programs written in Pascal and run on a PC/AT computer under MS-DOS. The programs allow one to control the experiment in the interactive and automatic modes and provide a graphical display of the information.
For the analysis of the evolution of a diffraction pattern a program package, called SPEVA, was developed. The package was written in Fortran and is oriented to the DEC family of computers or PC/AT computers. Unlike the standard methods of pattern decomposition, this program not only extracts a large set of components from the spectra but also automatically recognizes their temporal evolution. Information components of a spectrum S(A,t) at each t are peak-like functions f(A,t) and, additionally, a background component B (A,t) . Thus, the program is required to:
remove the background component in each pattern; display the peaks in each spectrum and determine their characteristics; identify peaks with their time dependence, i.e. determine peak parameters which really relate to the evolution of each peak as a function of the time interval.
These problems can be solved by the methods of qualitative distribution analysis and of generalized fitting (Zlokazov, 1989) . The input information includes initial estimates of peak half widths and values to be used for sensitivity and resolution, i.e. the minimal amplitude and minimal distance between the peaks by which peaks are to be considered and separated. The result provides information about the number of peaks found in each pattern and the temporal evolution of the background and each of the peaks. At the final stage of analysis, the neutron spectra are analyzed by the Rietveld method adapted to the DN-2 diffractometer.
On some experimental results
In the process of developing the RTND method, numerous tests and physical experiments were performed at the DN-2 diffractometer. The results of some of them have been published elsewhere: annealing process of melt-quenched Bi-2212 ceramics (Balagurov, Mironova & Simkin, 1989) , formation of the Y-123 phase (Balagurov & Mironova, 1990) , phase transformation of metastable ice (Balagurov, Barkalov et al., 1990) , interaction of hydrogen flow with Y-123 (Balagurov, Mironova, Rudnickij & Galkin 1990) , kinetics of the e-~ phase transition in TiD0.74 (Balagurov et al., 1991) . Let us consider, as an example, the real-time diffraction study of the formation of the Y-123 phase through a solid-state reaction of Y203, BaCO3 and CuO in air. The powders were mixed in a 1:2:3 molar ratio of Y, Ba and Cu and were placed in a Pt container with dimensions 1.5 x 0.5 x 4-0 cm. The diffraction data were collected using the geometry shown in Fig. 1 . The sample was heated continuously from room temperature up to 1213 K for 5 h and for the next 6 h the temperature was kept at this level. A sequence of diffraction spectra, measured with t, = 5 min by using the D1 detector, is shown in Fig. 2 . The real level of intensity and resolution as measured by the D3 detector can be seen in Fig. 3 . Using the diffraction data it is possible to obtain a diagram of the sequence of phase synthesis. There were three slightly overlapping regions during the reaction: Fig. 6 . Only the second function is linear in time, which means that the phase boundary model is the most suitable one to describe the process (Gadalla & Hegg, 1989) . The diffraction spectrum, measured at the final stage of the synthesis for 5 min (T= 1213K) and processed by Rietveld profile analysis, is shown in Fig. 7 . Owing to the moderate resolution of DN-2 the number of processed diffraction peaks was limited, e.g. to about 40 in the d-spacing range from 1.3 to 4.0/~. The refined structural parameters can be compared with similar data from the SEPD diffractometer at IPNS (Intense Pulsed Neutron Source, Argonne, USA) measured with the same statistics but -five times better resolution (Jorgensen et al., 1987) (Table 1 ). In the latter case 200 Bragg reflections with d ranging from 0.71 to 3-95 A were processed. The mean square deviations of refined parameters differ by two -six times, but it is obvious that the quality of the DN-2 data measured in 5 min is quite sufficient to pick up the main details of the structure. After the 6 h sintering, the sample was cooled at a constant rate of 4.5 K min-I, t, was equal to 5 rain. The diffraction data processing gave, in particular, the temperature dependence of the lattice parameters and oxygen content (Fig. 8) .
With the TOF diffractometer one can quite easily measure the diffraction pattern and the small-angle scattering (SANS) together. Fig. 9 shows an example of the evolution of SANS, which was measured during the annealing of a rapidly quenched. Bi Y-123 103 \ Fig. 2 . The evolution of the neutron diffraction pattern during the synthesis of YBa2Cu30.,. as measured by the D1 detector for d-spacing range 1.5-3.0 ,~. The temperature of the sample was 293-1213 K.
ceramic (Balagurov, Mironova & Simkin, 1989) . The intial (as-quenched) state of the sample did not give any strong long-period diffraction peaks as well as SANS. During the annealing at up to 973 K for 2 h, two well known crystal phases of the Bi--Sr--Ca--Cu--O system were formed sequentially: (2201) and (2212). Just before the beginning of the (2201) formation (T= 770 K), significant small-angle scattering arose at the nucleation of this phase. It is worth noting that no nucleation process occurred during the formation of the (2212) phase.
The results of a study of the reaction between heavy water and calcium aluminate Ca3Al206 (C3 A, C = CaO, A = A1203) were published by Balagurov & Mironova (1986) . This study was a repetition of the ILL-group experiments (Christensen & Lehmann, 1984) , but with much better temporal resolution. The diffraction data were collected under the following typical conditions: a rectangular AI container carrying 8 g of solid powder was filled with 4 ml D20 without mixing directly at the experimental site; the paste (6 g solid and 3 ml D20) was 'cooked' for 20 s and put in the beam 1 min after its preparation started.
In both cases the sample area was about 6 cm 2, the measurements were carried out at room temperature without stabilization with a temporal resolution of 40 s and later of 10 s. Such a high resolution offered the possibility of elucidating some details of the early stage of the reaction. It was established, in particular, that the degradation of the initial phase took place in the first 2 rain. The advent of the series of intermediate compounds in crystal form occurred in the interval from minute 2 to minute 5, then the final phase C3AD 6 (D = D20 ) appeared. The time dependence of the integral intensity of the 211 reflection of C3AD6 is shown in Fig. 10 . This measurement was done at 20 = 40 ~ with t, = 10 s. One can easily see that the new phase occurs abruptly at the fifth minute. 4.00 ~< n(04) + n(05) ii,,,,,,,i,,,,,,,,,i,,,,,,,,,i,,,,,,, To check on the ultimate possibilities of the diffractometer an experiment was performed on an N40 g sample of powdered Mo. Fig. 11 illustrates the comparison between the two diffraction patterns: the first one was measured during one pulse of the reactor only, the other for 1 rain (300 pulses)• One can see good agreement between them; all strong diffraction peaks are visible in the first pattern and their statistical error does not exceed -10%. The first pattern indicates potential for the studies of transitional phenomena with ts---200 ms (the period of the IBR-2 power pulses) using one detector, or, if a detector assembly with A20=2 ° between neighbouring detectors is used, one can reach a temporal resolution of about 1 ms. It is worth emphasizing again that, of the presently operating pulsed neutron sources, the IBR-2 reactor has the best prospects for such fast measurements to be conducted due to low pulse frequency and, hence, very high flux in each pulse.
Concluding remarks
Transitional phenomena are an important theme in the physics of condensed matter and neutron diffraction is one of the most powerful methods for studying the structure of matter at the micro level. However, applying neutron diffraction to the physics of transitional phenomena became feasible only in recent times, owing to high-flux research neutron sources and advanced neutron detectors• There are some plans for building installations which would make it possible to measure neutron spectra with t,. in second time intervals. Our work shows that under certain arrangements of neutron measurement it is already possible to perform such experiments at the IBR-2 reactor. (300 pulses of the reactor).
